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We investigated how diﬀerent types of complex motion patterns interact in the perception of shape. We used global dot-motion stim-
uli which consisted of two superimposed groups of dots; one group of dots moved along an ellipsoidal trajectory (target pattern), while
the other group of dots was divided into quadrants with dots in alternating sectors moving in radial expanding and radial contracting
directions (background pattern). In the ﬁrst experiment, observers judged whether the major axis of an ellipsoidal motion pattern ori-
ented at 45 or 45 from vertical lay to the right or to the left of a central vertical line. Ellipsoids with diﬀerent aspect ratios, which
controlled both the tilt (left or right of vertical) and the extent of ellipsoidal curvature, were presented to observers using method of con-
stant stimuli. The appearance of the ellipsoidal target pattern was distorted in the presence of background motion. The aspect ratio of the
target at which observers perceived the ﬁgure to be circular was approximately 0.86 (an aspect ratio of 1.0 indicates a circle), with the
pattern’s major axis lying in the two sectors that contained contracting motion. This ﬁnding may constitute evidence that background
motion distorts the perception of space, resulting in a distorted target pattern. However, the distortion eﬀect is limited to conditions for
which the speed of the target pattern and background pattern was slow and high contrast, and for when dots forming the target and
background patterns were of the same luminance polarity.
 2007 Elsevier Ltd. All rights reserved.
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Human perception of radial expanding and radial con-
tracting patterns is eﬃcient, with detection thresholds,
obtained using global dot-motion stimuli, measured as
the percentage of dots moving in a coherent direction rela-
tive to those moving randomly, of approximately 5–10% of
the total number of dots (see e.g., Badcock & Khuu, 2001;
Burr, Morrone, & Vaina, 1998; Edwards & Badcock, 1994;
Khuu & Badcock, 2002). Global motion thresholds diﬀer
depending on the type of global dot-motion, with the visual
system showing greater sensitivity to radial and to rota-
tional patterns than to spiral patterns (Morrone, Burr, Pie-0042-6989/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
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E-mail address: liwangon@gmail.com (W.O. Li).tro, & Stefanelli, 1999). Global motion patterns are
frequently present in the retinal image and, for example,
occur when observers experience ego motion. The retinal
image undergoes smooth and gradual radial expansion
from a common locus if an observer ﬁxates centrally and
moves forwards through the visual world. Gibson (1950)
argued that this ‘‘optic ﬂow’’ information is useful for
self-navigation through the three-dimensional environment
(see, Warren & Hannon, 1988). This kind of ‘‘optic ﬂow’’
information, including radial, rotational, and spiral
motion, is often described as a form of ‘‘complex motion’’
and has unique properties for visual processing (see e.g.,
Burr et al., 1998; Khuu & Badcock, 2002; Vaina, 1998).
Neurobiological ﬁndings support the importance of
complex motion for perception with evidence of cells in
areas high along the dorsal route, in particular cells in
the dorsal aspect of the Middle Superior Temporal (MSTd)
area, responding selectively to complex motion. Moreover,
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patterns where radial and rotating patterns represent cardi-
nal Cartesian directions, and spiral patterns are a weighted
combination of cardinal patterns (Duﬀy & Wurtz, 1991;
Graziano, Anderson, & Snowden, 1994; Orban, Lagae,
Raiguel, Xiao, & Maes, 1995; Saito, 1993; Snowden,
1994; Tanaka & Saito, 1989; Tootell, Sereno, Dale, &
Malach, 1996). Under the nomenclature proposed by
Snowden (1994), rotational and radial motions have polar
velocity vectors in the cardinal directions of 0 and 90, and
spiral patterns are of intermediate angles.
A number of studies have examined whether the percep-
tion of one complex pattern will be unaﬀected when viewed
in the presence of a diﬀerent complex pattern, given that
the neural mechanisms sensitive to them have been found
to be independently selective. Freeman and Harris (1992),
for example, measured human sensitivity to a signal pat-
tern of rotating and expanding motion in the presence of
a complex-motion mask that was either the same as the sig-
nal pattern or had a diﬀerent global structure. Freeman
and Harris reported that detection thresholds were
unchanged when the signal pattern was diﬀerent to the
mask pattern. Burr, Badcock, and Ross (2001), using a
pedestal technique, reported that radial motion does not
enhance direction discrimination for rotating motion, and
vice versa. However, discrimination is enhanced in the
presence of spiral patterns; these patterns can be consid-
ered as constructed from a mixture of radial and rotational
components (see Morrone et al., 1999; Snowden, 1994).
Despite the lack of interaction between diﬀerent types of
complex motion patterns in the detection of coherent
motion or motion direction, a number of studies have
shown that interactions occur when making perceptual
judgments of two motion patterns. For example, when
two groups of dots moving in slightly diﬀerent directions
are superimposed, they appear to repel each other such that
their trajectory angular diﬀerence appears larger (Marshak
& Sekuler, 1979; Mather & Moulden, 1980). This eﬀect—
‘‘motion repulsion’’—has been examined under diﬀerent
stimulus conditions, and a current explanation is that it is
a consequence of lateral inhibition between global mecha-
nisms tuned to diﬀerent directions of motion (Benton &
Curran, 2003; Kim & Wilson 1996, 1997; Wilson & Kim,
1994). In a diﬀerent stimulus condition, two motion pat-
terns are perceived as one, even if they move in opposite
directions. Qian, Anderson, and Adelson (1994) showed
that a global dot-motion stimulus containing dot pairs
going in opposite directions negate each other and abolish
motion transparency percepts. Additionally, the spatial
perception of a motion pattern is aﬀected in the presence
of another; for example, the apparent position of a radial
expanding pattern appears to be shifted in the presence
of translational motion pattern (Duﬀy & Wurtz, 1993;
Meese, Smith, & Harris, 1995). Duﬀy and Wurtz noted that
the focus of expansion of a radial motion pattern, gener-
ated by moving dots, appears to be displaced in the direc-
tion of another overlapping group of dots translatingcoherently in a particular direction. Moreover, Pack and
Mingolla (1998) postulated that this position shift is not
a result of local interaction because the size of the shift
increases with the size of the translational pattern, regard-
less of the amount of overlapping area between the expand-
ing and the translating patterns.
The above ﬁndings of global motion interaction lead to
the question we ask in the present study: do diﬀerent
types of complex motion patterns interact in the determi-
nation of perceived global shape? In particular, we inves-
tigated whether the global shape formed by one type of
complex motion pattern has its appearance distorted
when it is viewed in the presence of another, background,
complex pattern. We employed global dot-motion stimuli
to examine the extent to which a rotational motion pat-
tern, generated by the movement of a group of target
dots, is distorted when placed on a background consisting
of moving dots that form a diﬀerent complex motion pat-
tern. In Experiment 1, we quantiﬁed the eﬀect, while
Experiments 2, 3, and 4 examine the potential contribu-
tions of image speed and luminance to the distortion of
global shape. These stimulus factors have been shown to
inﬂuence the ability to detect coherent global motion
(see e.g., Badcock, Cliﬀord, & Khuu, 2005; Edwards &
Badcock, 1994; Edwards, Badcock, & Smith, 1998; Khuu
& Badcock, 2002).
2. Experiment 1: Motion-induced distortion of the apparent
shape of a complex-motion pattern
Experiment 1 examines how the apparent trajectory of
dots (forming the target pattern) rotating in an ellipsoidal
trajectory, is aﬀected in the presence of a background pat-
tern consisting of dots undergoing expanding and contract-
ing motion in alternating quadrants (see Fig. 1). If there are
functionally independent mechanisms responsible for the
extraction of diﬀerent types of complex motion, the appar-
ent shape of the target pattern should be unaﬀected by the
background motion pattern. However, if the visual system
combines diﬀerent complex motion patterns in determining
motion-pattern shape, the apparent shape of the target pat-
tern will likely be distorted. Speciﬁcally, if the major axis
(corresponding to the axis that bisects the two ends of
the ellipsoid with maximum curvature) of the target ellip-
soid falls within contracting sectors of the background,
the curve formed by the trajectory of the dots may appear
to be distorted inwards, and vice versa where the minor
axis falls within expanding sectors. For a particular aspect
ratio, the ellipsoid will appear to form a circle.
2.1. Methods
2.1.1. Observers
Eight experienced psychophysical observers, naı¨ve to the
purpose of the experiments, participated in Experiment 1.
All observers had normal, or corrected to normal, visual
acuity, and had no history of visual abnormalities.
Fig. 1. A schematic diagram showing the motion trajectories of the stimuli used in the experiments. (a) The rotating paths represent the target trajectories;
the expanding and contracting arrows represent the trajectories of the background. Dotted lines, which were not shown in the experiments, indicate the
quadrant borders which separate background motion directions. All dots are light increment in Experiment 1 and Experiment 2. (b) Rotating trajectories
modulated by a sine wave of 0.05 amplitude which gives rise to an ellipsoidal trajectory with a 0.9 aspect ratio (short dimension/long dimension). The path
in black denotes the undistorted circular trajectory, while the path in white denotes the sinusoidally modulated pathway. (c) Rotating trajectories
modulated by a sine wave of 0.1 amplitude which gives rise to an ellipsoidal trajectory with a 0.82 aspect ratio (short dimension/long dimension). This
right-tilting ellipsoid is assigned an aspect ratio of 1.22 (dimension on right axis/dimension on left axis) to distinguish right tilted ellipsoids from left tilted
ellipsoids.
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Stimuli were movie sequences of 200 white (diameter
0.09; 140.0 cd/m2) anti-aliased dots moving at a speed of
1.2 s1 on a grey background (63.0 cd/m2) presented for
3 s at a movie-frame rate of 28 Hz, with each movie-frame
presented for 36 ms. The stimuli subtended 8.83 · 8.83 of
visual angle when viewed at a distance of 100 cm, and the
dot density was 2.56 dots/deg2. A ﬁxation cross was placed
at the centre of the display, and a central region with a size
of 1.55 · 1.55 was left blank. A schematic diagram of the
stimulus is shown in Fig. 1a. Stimuli were generated using
MATLAB (version 5.2) on a Macintosh G4 computer, andwere displayed on a linearised 17-in. colour CRT monitor
driven at a refresh rate of 85 Hz.
The dots forming the stimulus were divided into two
groups of 100 dots. One group of dots, the target, moved
along a circular trajectory which could be modiﬁed to an
ellipsoidal trajectory with the axis of the ellipsoid tilted
45 to the left, or 45 to the right, of the vertical axis.
The second group of dots, the background, was divided
into vertically and horizontally divided quadrants with
dots in alternating quadrants exclusively undergoing
expanding or contracting motion. Background dots near
the borders (i.e., ±10) were permitted to move in both
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ity of the quadrant borders. The radial position of target
and background dots was randomly determined, weighted
by a Gaussian distribution centred at half of the radius of
the stimulus with a standard deviation equal to one forth of
the radius (i.e., 1.10 visual arc). This weighting process
resulted in the majority of dots being plotted midway
between the centre and the border of the stimulus. All dots
had an average limited lifetime of 0.79 s, and when they
expired they were re-plotted back into the stimulus to a
weighted random position.
The motion trajectory of target dots conformed to a
sinusoidal modulation of a circular path, given by the
equation:
R0 ¼ Rþ RA sinðh=2Þ; ð1Þ
where h is the angular diﬀerence between a dot and the hor-
izontal axis, R is the base radius of the rotating trajectory
of the dots from the centre when h = 0 (which ranged
from between 4.42 visual arc and 0.78 visual arc from
the centre of the stimuli), R 0 denotes the modiﬁed radius
(i.e., the modiﬁed distance of the dots from the centre),
and A is the amplitude of sinusoidal modulation. An
amplitude of zero produces pure rotational motion and
thus the motion shape is circular, while amplitudes greater
or less than zero modify the circular trajectory to produce
an ellipsoidal trajectory with the major axis tilted to the left
or to the right of vertical, respectively.
It is important to note that the resulting trajectories are
ellipsoid in form and not purely elliptical. We employed
this ellipsoid stimulus over one that is truly elliptical for
a number of reasons. First, our stimulus oﬀers the advan-
tage that any potential distortion can be characterised by
a single parameter for all possible radii of the rotating tra-
jectories. Second, the magnitude and sign of this distortion
is naturally referenced to a circular base, when the ampli-
tude (A) equals zero in Eq. (1). Changing the shape of
our ellipsoid stimulus, by modulating the amplitude of
Eq. (1), will change its trajectory length, which results in
a change in the speed of the stimulus. However, the diﬀer-
ence in speed between a circular reference and the largest
distortion level used in the present study (see below) was
3.9%, and thus below human speed discrimination thresh-
olds, which typically range between 5% and 10% of the ref-
erence speed (De Bruyn & Orban, 1988; Ledgeway, 1999;
McKee, 1981). This small speed-diﬀerential rules out the
possibility that observers may rely on a speed diﬀerence
to discriminate between levels of distortion. Third, the pur-
pose of the experimentation of this study is not to examine
whether observers can discriminate between shapes (ellipti-
cal or ellipsoid), but rather to investigate the eﬀect of one
motion pattern on the shape of another.
Fig. 1b and c show the target pattern’s trajectory with
diﬀerent amplitudes of sinusoidal modulation given by
Eq. (1). From the sinusoidal modulation amplitudes, an
aspect ratio can be obtained which is indicative of the
extent of the ellipsoid lying tilted to the right divided bythe extent of the pattern tilted to the left of vertical. By this
notation, an aspect ratio of 1.0 produces a perfect circle,
while a value greater than 1.0 results in an ellipsoid tilted
to the right of vertical (0) along the 45/225 axis, and
an aspect ratio less than 1.0 results in an ellipsoid tilted
to the left along the 135/315 axis. It is important to note
that the magnitude of the aspect ratio indicates both the
physical orientation of the ellipsoid and the extent of ellip-
soidal form.
The background group of dots was equally divided into
four quadrants, with dots in odd numbered sectors con-
taining contracting motion and dots in even numbered sec-
tors containing expanding motion. To minimize the density
problem caused by radial motion, out-of-bound dots were
re-plotted into the stimulus according to a modulated
replot procedure. The distribution of dots was initialized
according to a Gaussian distribution so that most dots
were plotted midway from the edge and the focus of expan-
sion or contraction. A modulated Gaussian distribution
monitored the replot of out-of-bound dots in a way that
the Gaussian distribution was shifted in the opposite direc-
tion of the dot’s motion; e.g., the Gaussian distribution
shifted closer to the centre of the stimulus for a global
expansion pattern. The amount of shift was estimated by
the average displacement of dots before they expired,
which equaled the average lifetime of dots multiplied by
their speed. This procedure reduces the density problem
to the extent that accumulation causing a density shift does
not occur for the exposure duration used with the stimulus.
The present study share similarities to that of Freeman
and Harris (1992). However, there are signiﬁcant diﬀer-
ences between the two studies; the key diﬀerence being that
diﬀerent psychophysical judgments are being investigated.
We examined shape perception (with highly coherent signal
patterns), while Freeman and Harris examined global
motion detection. The reason for adopting the kinds of
stimuli we used—stimuli similar to those used by Freeman
and Harris—is their usefulness in quantifying shape distor-
tion. Complex motion patterns, such as radial expansion,
radial contraction, and rotation, used in the present study
are part of a family of basic components of optic ﬂow
(see Koenderink, 1976) and thus, there is a well-known
potential for interaction. However, other kinds of
motion-deﬁned shape may evoke an entirely separate class
of complex motion detectors and no interaction may be
noticed. Indeed, physiological ﬁndings show that struc-
ture-from-motion stimuli and optic-ﬂow stimuli predomi-
nantly activate separate areas of the visual cortex (see
Bradley, Chang, & Anderson, 1998; Duﬀy & Wurtz, 1991).
2.2. Procedure
A one-interval forced-choice paradigm in conjunction
with method of constant stimuli was used. The trajectory
of target dots was one of 13 aspect ratios: 1.22, 1.16,
1.11, 1.06, 1.0, 0.95, 0.90, 0.86, 0.82, 0.78, 0.74, 0.72, and
0.67, presented, in a random order, from trial to trial.
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these 13 aspects ratios were as follows: 0.1, 0.075,
0.05, 0.025, 1.0, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15,
0.175, and 0.2. The sign of the modulation indicates the
physical tilt of the ellipsoid with negative and positive val-
ues indicating a leftward tilt and a rightward tilt,
respectively.
The ellipsoidal form was physically titled either to the
left, such that the tilt was orientated along the 135/315
axis, or to the right along the 45/225 axis, on each trial.
Sectors containing expanding and contracting motion were
appropriately reconﬁgured to be consistent with the aspect
ratios speciﬁed above. This procedure was implemented to
minimize a possible natural bias to one particular direction,
and to minimize the possibility of adaptation to a particu-
lar orientation. The task of observers was to judge in which
direction, left or right, the major axis of the ellipsoid lay, by
pressing one of two keys on a computer keyboard. Judg-
ment for each aspect ratio condition was repeated at least
20 times, and the results were averaged.
The procedures outlined above were repeated for a con-
trol condition in which target dots were presented at one of
the aspect ratios used in the main experiment, but dots
forming the background moved randomly, and thus could
not systematically aﬀect the apparent shape of the target
pattern.
2.3. Results and discussion
Data from each observer were collated and transformed
using the following procedures. First, the position of the
target ellipsoid was randomized so that its tilt was posi-
tioned either on the 45/225 or 135/315 axis from trial
to trial. The data of mirror-counterparts were combined,
since these presentations are orthogonal to each other, so
that they are presented as the proportion of times in which
observers saw the target shape tilted to the left from verti-
cal. These data were then plotted as a function of the sinu-
soidal modulation of the ellipsoidal form for each of the
eight observers. Second, cumulative Gaussians were ﬁt to
the data to determine the modulation at which observers
could not reliably detect the orientation of the target pat-
tern; at this point, which corresponds to the point of sub-
jective circularity, the major axes of the ellipsoids are not
detectable and target dots appear to move along a circular
trajectory. This value was then converted into the equiva-
lent aspect ratio, which indicates the two important charac-
teristics of the ellipsoid. It reveals whether the major axis of
the ellipsoid lay in contracting or expanding sectors, and it
provides the magnitude of distortion of the ellipsoidal pat-
tern that is required for observers to discriminate its appar-
ent orientation. Representative data for one observer are
shown in Fig. 2a, while Fig. 2b shows a plot of the points
of subjective circular aspect ratio obtained for the experi-
mental and control conditions for the eight observers.
The pattern of results is consistent for all eight observ-
ers, with some individual variation. When the backgrounddots moved randomly for the control condition, observers
reported no distortion in the apparent shape of the target
pattern, since the obtained point of a subjective circular
aspect ratio was 1.0, and thus coincided with a circular
stimulus. However, when alternating quadrants contained
dots undergoing expanding and contracting motion, the
target pattern appeared distorted from a circular to an
ellipsoidal shape. This distortion resulted in the appearance
of circularity for target ﬁgures with an average aspect ratio
of 0.86, which corresponds to the dots moving in an ellip-
soidal trajectory tilted to the left with its major axis falling
in quadrants that contained contracting motion.
This result shows that the apparent shape of the target
pattern is distorted from its veridical form and the apex
of the major axis of the ellipsoid appears displaced towards
the centre as a consequence of the contracting motion pat-
tern. At the same time, expanding motion in the other
quadrants induced an apparent shift in the shape of the tar-
get pattern, moving it towards the boundary of the stimu-
lus. This coupled eﬀect results in an ellipsoidal target
pattern appearing to be circular when the apex shape was
countered by the background motion direction. To illus-
trate the eﬀect, an ellipsoid is shown in Fig. 2c with the
aspect ratios derived from the experimental condition,
and it is compared to a circular path. The white line indi-
cates the point of subjective circularity (averaged for all
observers) from the coherent background condition, while
the black line shows a physically circular path.3. Experiment 2: The eﬀect of speed on the distortion of a
global motion shape
Experiment 1 demonstrated that a motion-deﬁned ellip-
soidal shape is distorted in appearance when viewed in the
presence of expanding and contracting motion. The magni-
tude of the eﬀect may be dependent on the speed of ele-
ments that constitute the motion patterns. Previous
research has shown that there are at least two independent
speed-tuned systems for global motion extraction—one
tuned for slow speeds and the other tuned for faster speeds
(Edwards et al., 1998; Khuu & Badcock, 2002). Edwards
et al. noted that the ability to detect frontoparallel motion
produced by slow- moving dots at 1.2 s1 is not aﬀected
by the presence of dots moving at high speeds
(P3.6 s1) and similarly, the detection of frontoparallel
motion deﬁned by high-speed dots (10.8 s1) is only
slightly impaired in the presence of slow-moving dots
(<6 s1). Moreover, Khuu and Badcock demonstrated
that a similar pattern exists for the detection of complex
motion (radial and rotational motion) and, additionally,
speeds within the sensitivity range of a particular mecha-
nism are averaged to provide an estimate of global speed.
However, speed averaging does not occur when the speeds
are such that they separately activate low- and high-speed
systems. In Experiment 2, the contribution of image speed,
in particular the contribution of low- and high-speed sys-
1 A set of graphs as a function of target speed has been appended as
Supplementary materials.
Fig. 2. Results of Experiment 1. (a) A psychometric function of a representative observer, in which amplitudes of the sinusoidal modulation are plotted
against the proportion of left responses. A negative amplitude represents a right tilted ellipsoid; a positive amplitude represents a left titled ellipsoid. (b)
Summary of results of all eight observers. Error bars are ±1 standard error of the means. The dotted line represents a circular trajectory. (c) A schematic
diagram illustrating the magnitude of the distortion eﬀect. The white line shows the aspect ratio producing a judgment of perceived circularity in the
experimental condition: 0.86. An undistorted perfect circular trajectory is illustrated in black as a comparison: aspect ratio of 1.
172 W.O. Li et al. / Vision Research 48 (2008) 167–178tems to the perception of global shape, is addressed using a
similar stimulus to that used in Experiment 1.
3.1. Methods
3.1.1. Observers
Four experienced observers, naı¨ve to the goals of the
experiment, participated in this experiment. All had nor-
mal, or corrected to normal, visual acuity. Three of the
observers had participated in Experiment 1.
3.1.2. Stimuli and procedures
Stimuli were similar to Experiment 1, except that the
dots of the target pattern and the background pattern were
each assigned one of the following speeds, 0.21 s1,
0.62 s1, 1.03 s1, 2.27 s1, and 4.32 s1; this assign-
ment resulted in 25 target and background speed combina-
tions. Seven distortion levels (amplitudes of sinusoidal
modulations, 0.1, 0.05, 0, 0.05, 0.1, 0.15, and 0.20 pro-
ducing aspect ratios of, 1.22, 1.11, 1.0, 0.90, 0.82, 0.74, and0.67, respectively) were used. Observations for each stimu-
lus parameter combination were repeated at least 20 times.
Observers judged, in a similar fashion to Experiment 1, the
apparent orientation of the ellipsoidal pattern.
3.2. Results and discussion
The data were collated in a similar manner to Experi-
ment 1, and cumulative-Gaussian ﬁts provided an estima-
tion of the point of subjective circular amplitude
modulation, which was then converted into an aspect ratio
for each of the dot-speed conditions. These data (the points
of subjective circularity) are plotted in Fig. 3 as a function
of the speed of the background dots.1 Each panel of
Fig. 3(a–e) plots observer data for the diﬀerent target-dot
speeds used in the study. Individual diﬀerences in the
aspect ratios that observers perceive as circular are found;
Fig. 3. Results of Experiment 2 for four observers. Perceived circularities under diﬀerent target speed conditions are plotted against the background speed.
Error bars are ±1 standard error of the mean. The vertical dashed lines indicate the conditions where the background speed and the target speed are
matched, while perfect circular trajectories are illustrated by horizontal solid lines. The perceived circularities under matched speed conditions are plotted
in (f).
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consistent for all four observers. Two noteworthy trends
are evident.
Similar to the ﬁndings of Experiment 1, the target pat-
tern was perceived to be circular when its major axis was
located in quadrants with contracting motion. A two-
way, within subjects, ANOVA was used to examine the
eﬀect of speed. The main eﬀect of background speed is sta-
tistically signiﬁcant (JC: F(4,150) = 30.10, p < 0.01; IT:
F(4,150) = 14.62, p < 0.01; TL: F(4,150) = 123.60, p < 0.01;
LCM: F(4,150) = 56.63, p < 0.01). In particular, as shown
in Fig. 3, the distortion is largest for slow backgroundspeeds, and reduces at faster speeds. In fact, for the fastest
background speed, on average observers reported no dis-
tortion, and the-point-of-subjective-circular aspect-ratio
was approximately 1.0 (solid line).
At faster target speeds (Fig. 3d and e), the eﬀect is very
much diminished, or abolished altogether, especially for
fast background speeds. The main eﬀect of target speed is
also statistically signiﬁcant (JC: F(4,150) = 3.84, p < 0.01;
IT: F(4,150) = 10.17, p < 0.01; TL: F(4,150) = 37.35,
p < 0.01; LCM: F(4,150) = 7.72, p < 0.01). In addition, we
found a signiﬁcant interaction between the background
speed and the target speed (JC: F(16,150) = 5.64, p < 0.01;
Fig. 4. Results of Experiment 3 for four observers. Aspect ratios
representing judgments of circularity for the low luminance contrast
condition is plotted in comparison to data obtained in Experiment 2 with
high-contrast stimuli at the same dot speed.
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LCM: F(16,150) = 7.72, p < 0.01). Thus, the distortion eﬀect
does not depend on either the target or the background
speed, but on their interaction. In particular, shape distor-
tion is only evident when the target and the background
dots were both low speed, and is not evident in conditions
in which, either, or both, the background and the target
pattern consisted of fast-moving dots.
The low-speed eﬀect is summarized in Fig. 3f, where the
results of the four observers are plotted so that they show
the extent of distortion when the speed of target and back-
ground dots are matched. Distortions in apparent shape
are evident for speeds below approximately 2.5 s1, but
are largely abolished for faster dot speeds. This critical
speed is similar to the low speed system reported in previ-
ous studies (3.65 s1 in low speed extraction, see Edwards
et al., 1998). This result suggests that distortions in appar-
ent shape may be exclusive to mechanisms sensitive to low
speed information.
4. Experiment 3: The contribution of motion streaks to the
distortion of a global motion shape
The dissociation in processing between low- and high-
speed systems found in Experiment 2 may be due to the
reliance of the high-speed system on motion streaks which
act as a salient spatial signal only at fast speeds. Geisler
(1999) demonstrated that an object undergoing motion will
produce a ‘‘streak’’, not perceptually apparent to the obser-
ver, that is spatially orientated in the motion direction (see
also, Burr, 1980; Burr & Ross, 2002; Edwards & Crane,
2007; Francis & Kim, 1999; Kim & Francis, 1998). In rela-
tion to our stimulus, locally orientated ‘‘motion streaks’’
produced by dot motion are perhaps integrated and used
by the visual system as a spatial cue to the global form
of target and background patterns. However, motion
streaks only provide an eﬀective spatial cue when dots
move suﬃciently fast; >2.5 s1 (see e.g., Burr, 1980; Burr
& Ross, 2002; Francis & Kim, 1999; Geisler, 1999; Kim
& Francis, 1998). This critical speed for spatial perception
is very much in quantitative agreement with the ﬁndings of
Experiment 2, where we ﬁnd distortion of shape for only
low dot speeds (<2.5 s1). Presumably, in the latter condi-
tion, motion streaks provide an additional spatial cue by
which the target pattern and the background pattern can
be segmented. This spatial cue may provide a stronger form
cue for both the target and the background motion
patterns.
The merits of a motion streaks explanation was investi-
gated in an additional experiment that examines whether
the shape-distortion eﬀect occurs for stimuli set at a low
luminance-contrast. The motivation for this experiment
comes from a recent study by Edwards and Crane (2007),
who reported that changing the salience of motion streaks
by changing either their length (produced by changing the
signal dots over frames or keeping them coherent), or their
luminance contrast, can aﬀect global dot-motion detectionthresholds. Edwards and Crane showed that a reduced
streak signal decreases the ability to detect global motion
at high speeds, but this eﬀect was not observed at low
speeds. In line with the reasoning of Edwards and Crane,
for our stimulus reducing luminance contrast should
decrease or eliminate the availability of motion streaks
and thus reduce or eliminate their contribution to the com-
putation of global shape. Accordingly, contrast reduction
may reduce the availability of this segmentation cue
between the target and background pattern, and may result
in the perception of shape distortion at fast speeds, where




The same four observers from Experiment 2
participated.
4.1.2. Stimuli and procedures
The stimuli and procedures were similar to those in
Experiment 2, except that the luminance contrast of the
stimulus was reduced to a Weber luminance-contrast of
6%. This contrast level is identical to the level at which
potential motion-streak information is reduced signiﬁ-
cantly, as reported by Edwards and Crane (2007). The
dot speed of the target and the background was kept at
4.32 s1, which as shown in the previous experiment,
resulted in no apparent shape distortion.
4.2. Results and discussion
The results of the four observers are plotted in Fig. 4,
along with their results obtained in Experiment 2 with high
contrast stimuli (122%) at the same dot speed of 4.32 s1.
The dashed line indicates the ratio corresponding to a per-
fect circle. When the contrast of the stimulus is reduced to
6%, shape distortion was reported for three out of the four
observers, and their perception of a circular stimulus corre-
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axis within background sectors containing contracting
motion. This result conﬁrms that reducing luminance con-
trast produces a distortion eﬀect similar to those observed
at slower speeds, and may be interpreted as a consequence
of the reduction in the salience of motion streaks.
On average, the ellipsoid aspect ratio required for the
perception of circularity was approximately 0.93, which is
smaller than the distortion noticed at comparatively slower
speeds (0.86 for speeds <2.5 s1). A possible reason for
this observation is that decreasing luminance contrast only
reduces the spatial reference provided by motion streaks at
fast speeds, but does not eliminate motion streaks entirely.
Thus, even at a reduced contrast, streak information is
present to provide a spatial reference for shape perception
and segmentation.
5. Experiment 4: The contribution of dot luminance-polarity
to the perception of shape conveyed by complex motion
The results of Experiment 3 indicate that changing the
luminance contrast of our stimulus can account for the
speed dependent shape distortion eﬀect found in Experi-
ment 2. While changing the contrast of the stimulus can
facilitate shape distortion between two complex motion
patterns, it is important to note that the contrast values
adopted in the previous experiment were all of the same
sign: above the background luminance. Does shape distor-
tion occur between patterns of diﬀerent luminance polar-
ity? Previous investigations have highlighted the
importance of luminance polarity in the perception of glo-
bal motion. Edwards and Badcock (1994) reported that
coherence thresholds for the detection of global motion sig-
naled by dots of a particular polarity are aﬀected by the
addition of noise dots, regardless of their polarity, which
indicates an interaction between ‘‘on’’ and ‘‘oﬀ’’ pathways
in the processing of global dot-motion. Since perception of
the present stimulus relies on detecting global structure
from motion, we examined whether ‘‘on’’ and ‘‘oﬀ’’ signals
interact in the perception of complex motion shape. In the
fourth experiment we used the stimulus and methodology
adopted in the earlier experiments, but with target and
background patterns of opposite polarities.
5.1. Methods
5.1.1. Observers
Five experienced observers, who were naı¨ve to the aims
of the study, participated in the experiment. All observers
had normal, or corrected to normal, visual acuity. All
observers had participated in Experiment 1.
5.1.2. Stimuli and procedures
Stimuli and procedures were similar to Experiment 1,
except dots constituting the background were replaced with
100 ‘‘light-decrement’’ circular anti-aliased dots (diameter
0.09; 0.07 cd/m2; 1.2 s1) that were darker than the stim-ulus background. Dots forming the target remained
brighter than the stimulus background at the same lumi-
nance polarity used in the previous experiments. As for
Experiment 1, two experimental conditions were used; a
control condition where dots in the background moved
randomly, and an experimental condition, in which alter-
nating quadrants contained dots undergoing expanding
and contracting motion.
5.2. Results and discussion
The results were collated in a similar manner to Exper-
iment 1, and the points of subjective circularity for the con-
trol and experimental conditions are shown in Fig. 5. The
data trend is similar for the ﬁve observers, and shows that
when the target dots and the background dots are seg-
mented, based on a diﬀerence in luminance polarity, expand-
ing and contracting dots constituting the background do not
aﬀect the apparent shape of the pattern formed by the
motion of the target dots. The perceived circular aspect
ratios of the experimental and control conditions are both
0.98. This ﬁnding clearly suggests that the introduction of
a polarity diﬀerence between the target and the background
patterns acts to distinguish their global form (even in the
absence ofmotion), and because both patterns can be readily
segmented via this additional cue, apparent distortion of the
motion-trajectory pattern is abolished.
This result at ﬁrst hand appears to conﬂict with the ﬁnd-
ings of Edwards and Badcock (1994), who report interac-
tions between ‘‘on’’ and ‘‘oﬀ’’ pathways in the detection
of global motion. However, it is possible that the distortion
eﬀect noted in our previous experiments does not occur at
the global stage, but at an earlier stage where ‘‘on’’ and
‘‘oﬀ’’ pathways remain independent. This argument is con-
sistent with Edwards and Badcock, who also report in their
study that global motion perception is severely aﬀected if
dots change polarity between frames which disrupts pro-
cessing at local stages.
Alternatively, it is important to note that in our study
judgments are of the global shape of the stimulus and
not of its coherence. Thus, our task is a judgment of global
form (induced by motion), not a judgment of global
motion. In this light, our results are consistent with the
ﬁndings of Badcock et al. (2005) who reported indepen-
dence between light-increment and light-decrement signals
in the detection of global form in Glass patterns, which are
the static equivalent of global dot-motion stimuli, but con-
vey similar global-form information as do the stimuli used
in our study.
6. General discussion
The experiments reported here demonstrate that the
apparent shape of a complex motion pattern is distorted
from the shape that is deﬁned by the trajectory of its ele-
ments when viewed in the presence of another motion pat-
tern. Experiment 1 reported that an ellipsoidal pattern,
Fig. 5. Results of Experiment 4 for ﬁve observers plotted in a similar format to Fig. 1. (a) The data of a representative observer is plotted. (b) Summary of
results plotted as aspect ratios. Error bars represent ±1 standard error of the mean.
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tracting motion, is perceived to be circular. Experiment 2
demonstrated that this eﬀect is dependent on image speed,
with strong shape distortion evident when both the target
and the background dots are moving at relatively slow
speeds (<2.5 s1). However, the eﬀect diminishes at fast
target and background dot speeds. Furthermore, the
results of Experiment 4 showed that presenting target
and background patterns with a diﬀerence in luminance
polarity is suﬃcient to eliminate the shape-distortion eﬀect
noted in Experiment 1 and Experiment 2.
Experiment 3 further investigated the speed-dependent
eﬀect reported in Experiment 2, by reducing the contrast
in high-speed stimuli. A distortion was reported at a speed
of 4.32 s1, for which previously no eﬀect was noted with
high-contrast stimuli. This result implies that the high-
speed system makes use of motion streaks as spatial refer-
ences. However, a reduction in contrast reduces, but does
not eliminate, this reliance, and it partially restores the dis-
tortion eﬀect. Motion streaks are not available to the low-
speed system, as streaks only become salient at compara-
tively fast speeds.
Our ﬁnding of an interaction between complex motion
patterns when detecting global shape appear to conﬂict
with investigations reporting independence when detecting
global coherent motion (e.g., Burr et al., 2001; Freeman &
Harris, 1992). A number of potential explanations present
themselves. First, the stimulus conditions are very diﬀerent
from judgments of motion coherency and judgments of
apparent shape. Global-motion-detection studies, which
endeavour to provide a measure of global motion sensitiv-
ity, use stimuli that begin as highly coherent, but which are
gradually degraded to a level at which the target pattern
can be just detected. Under these conditions where the sig-
nal level is near threshold, there is perhaps insuﬃcient
information to reliably determine the global shape of the
target pattern. In our study, judgments of shape were
quantiﬁed with stimuli in which all dots moved in a coher-
ent direction; thus, the shape of the target and background
motion pattern was always clearly discernable. Second, we
report a strong shape-distortion eﬀect at slow speeds(<2.5 s1), while the dot speeds employed by coherent
motion studies tend to be faster. For example, Freeman
and Harris (1992) employed a speed gradient that resulted
in a higher proportion of fast-moving dots, while Burr
et al. (2001) used a dot speed of 6 s1. Importantly, in
the present study we show that at relatively faster speeds
no shape distortion is evident. Third, the task of the partic-
ipants in the present study is a form-discrimination task,
which is diﬀerent from previous studies that show the inde-
pendence of complex motion in motion detection tasks.
The visual system may simply employ diﬀerent integration
strategies, possibly by relying on diﬀerent visual cues for
diﬀerent behavioural tasks.
In demonstrations of motion repulsion, the angular dif-
ference between two superimposed sheets of dots moving in
diﬀerent directions appears to be enlarged (Marshak &
Sekuler, 1979; Mather & Moulden, 1980). Can our ﬁndings
be explained by this well documented visual phenomenon?
According to a ‘‘motion-repulsion’’ argument, within each
sector the motion trajectory of the target pattern and the
background pattern will repel each other, perhaps produc-
ing a distorted form. However, a motion-repulsion eﬀect is
an inadequate explanation for our data because the condi-
tions under which motion repulsion occurs are diﬀerent
from the optimal stimulus conditions for the shape distor-
tion reported here. Motion repulsion is most noticeable for
small angular diﬀerences, between 20 and 40, and
decreases for larger angles, until it nearly vanishes at 90
(Hiris & Blake, 1996; Marshak & Sekuler, 1979; Mather
& Moulden, 1980). Angular diﬀerences between compo-
nents of the target and background patterns in each quad-
rant for the present experiments were usually about 90.
Motion repulsion is most eﬀective at 8 s1 and it remains
eﬀective at 16 s1 (Curran & Benton, 2003). Shape distor-
tion, as reported in Experiment 2, is limited to slow speeds
(<2.5 s1). Furthermore, and most importantly, the dis-
tortion pattern predicted by motion repulsion would be
in the opposite direction to the pattern of results of the
present experiments. According to a motion repulsion
argument, target and background patterns in each sector
would repel each other, exaggerating their angular diﬀer-
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motion would distort the target pattern towards the centre
of the stimulus, and similarly contracting motion would
displace the target pattern away from the centre. The oppo-
site result is found here; target patterns are distorted in the
direction of the background consistent with direction
attraction.
The mechanism underlying the shape distortion may be
similar to the spatial mislocalization of patterns in the pres-
ence of another global motion pattern (see, Duﬀy & Wurtz,
1993; Meese et al., 1995; Pack & Mingolla, 1998). A similar
phenomenon is present for objects that contain local
motion (e.g., De Valois & De Valois, 1991). Importantly,
it is the apparent position, not the veridical position that
governs at least some processes of spatial vision (see e.g.,
Hayes, 2000). The inﬂuence of motion in detecting shape
deformation is also evident (see Rainville & Wilson,
2004, 2005). Together with the results found in the present
study, which parameterized motion distorted shape, these
results suggest that the perception of spatial form is derived
from both position and motion information.
The conditions under which shape distortions are found
in the present study provide insight to the underlying mech-
anism of motion-induced spatial distortion. A low-speed
dependent, and polarity dependent, distortion, perhaps
implicates cells responsive to early motion processing in
spatial perception. It also implies that if target/background
segmentation can be achieved with a cue that is additional
to the diﬀerent motion trajectory patterns of the target and
the background in early visual processing, distortion of the
target pattern by the background pattern is eliminated.
Speed diﬀerences and luminance polarities are suﬃcient
to segregate the target and the background dots and are
suﬃcient to aﬀect subsequent global perception of motion
patterns. Indeed, the lack of an eﬀect on target-pattern per-
ception found in the condition of fast-moving target and
background elements can be attributed to the introduction
of an additional cue—‘‘motion streaks’’—from fast-mov-
ing objects. This cue, that may be generated and used by
visual system as an indicator of spatial orientation, we sug-
gest operates similarly to speed diﬀerence or polarity diﬀer-
ence to segment the two moving patterns.
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